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Abstract 

Biodiversity losses and limited resources may soon call for the preservation of key 

populations rather than entire species. However, successful population-level 

management requires both an understanding of where evolutionarily distinct taxa occur 

on the landscape and an efficient method for prioritizing taxa based on survey data. The 

present study addresses these needs. I begin by investigating the genetic identity and 

origins of red foxes (Vulpes vulpes) in North America’s Intermountain West. I then 

demonstrate a new approach for prioritizing populations that extends the metrics for 

evolutionary isolation from phylogenetic trees to phylogenetic networks, using two 

example species. Patterns of genetic differentiation for red foxes are consistent with 

endemism or natural range expansion in the Intermountain West, making this population 

a potential conservation target. Heuristic networks generated for spotted owls (Strix 

occidentalis) and mountain pygmy-possums (Burramys parvus) show how the approach 

can highlight peripheral populations that may merit increased conservation attention. 

Keywords:  conservation genetics; extinction; peripheral populations; 
phylogeography; ranking; red fox 
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Chapter 1.  
 
Introduction 

 

Biodiversity models for the 21st century generally predict widespread range shifts and 

species losses (Jenkins 2003; Tittensor et al. 2010). Extinctions are particularly likely in 

freshwater (Dudgeon et al. 2006), grassland (Thomas et al. 2004), and Mediterranean 

ecosystems (Sala et al. 2000), where the effects of land-use pressure and climate 

change will be most pronounced. Similarly, the loss of species from biodiversity hotspots 

such as mountain ranges (La Sorte and Jetz 2010) and tropical rainforests (Sodhi et al. 

2004) may now be unavoidable. 
In a world of urgent threats and limited resources we must choose to preserve 

some species at the expense of others (Vane-Wright et al. 1991). To this end, 

researchers have developed methods to prioritize species for conservation and 

maximize the biodiversity that can be saved (see, e.g., May 1990; Faith 1992; Weitzman 

1992). However, extinction often begins below the species level with the loss of isolated 

(“peripheral”) populations (Hughes et al. 1997; Ceballos and Ehrlich 2002). These 

populations can be evolutionarily distinct, possessing lineages with unique biological 

histories, and their contribution to within-species diversity can be proportionately large 

(Hampe and Petit 2005). The presence of such diversity has sparked interest in 

conservation at finer taxonomic scales (e.g., Ryder 1986; Moritz 1994; Manel et al. 2003; 

Segelbacher et al. 2010). Indeed, as habitats become fragmented and connectivity 

declines, the preservation of key populations may be a more feasible alternative to 

range-wide species conservation.  

At present, population-level conservation faces two important challenges. The 

first is a practical problem: how to define meaningful conservation units on a landscape. 

Evolutionarily distinct lineages are often cryptic and range-wide genetic surveys can be 

difficult, leaving gaps in our understanding of a species’ population genetic structure. 

Further, the human-mediated movement of organisms can create misleading patterns of 
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diversity. The North American red fox (Vulpes vulpes), for example, occurs as a 

patchwork of native (Aubry et al. 2009; Sacks et al. 2010) and nonnative animals 

(Statham et al. 2012) alongside populations of unknown origin. Management policies for 

native and nonnative red foxes differ substantially (California Department of Fish and 

Game 1999), making it imperative to determine the status of each population. In this 

case, targeted phylogeographic studies would help determine the origins of recently-

established populations and provide important baseline knowledge for population-level 

conservation.  

The second problem is more theoretical but perhaps more important: how to 

prioritize populations for conservation given the observed patterns of diversity. Species-

level prioritization uses phylogenetic trees to represent relationships among taxa, but 

these methods do not always capture the more complex relationships that exist among 

populations (e.g., Posada and Crandall 2001). In practice, tree-based analyses may 

overlook important variation and provide an inferior view of conservation needs. New 

systems of representation, such as phylogenetic networks (Bryant and Moulton 2004), 

may be better suited to the task of population-level conservation. However, an efficient 

approach to prioritize populations must first be developed. 

The following studies examine both aspects of conservation below the species 

level: (1) identifying populations of interest and (2) determining which populations will 

contribute most to future biodiversity. First, I use population genetic methods to assess 

the identity and origins of red foxes in the Intermountain West region of North America. 

Then, I introduce a general approach for prioritizing populations based on pairwise 

distance data and the properties of phylogenetic networks. Results from the former study 

will be relevant to conservation of native red foxes, while the methods described in the 

latter study should be widely applicable to species in need of population-level 

conservation. 
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Chapter 2.  
 
Genetic distinctiveness of red foxes in the North 
American Intermountain West as revealed through 
expanded sequencing of native mitochondrial 
haplotypes 

 

Abstract 

Western North America contains a mosaic of indigenous and introduced red fox (Vulpes 

vulpes) populations. Native red foxes occurred historically in high-elevation subalpine 

zones of the Rocky Mountains, Cascade Range, and Sierra Nevada, as well as in the 

desert-like habitat of California’s Sacramento Valley. Red foxes have also been 

sporadically reported in the Great Basin of the Intermountain West since at least the 

early 1900s, but it was unclear whether these animals represented surviving relicts from 

the last ice age, occasional dispersers from adjacent montane populations, or early fur-

farm escapees. A recent genetic study found Great Basin red foxes to be most closely 

related to Rocky Mountain red foxes but lacked sufficient resolution to determine 

whether this affinity reflected ancient or contemporary roots. Red foxes in the 

Intermountain West carried a native mitochondrial haplotype (A-19), which was also the 

most basal and widespread among western populations and thus equally consistent with 

ancient and contemporary connectivity. Here, to increase resolution, I sequenced 4,004 

bp of the mitochondrial genome corresponding to A-19 and related haplotypes from 

historical and modern samples collected throughout western North America. The 

expanded sequences revealed significant phylogenetic diversity, including six A-19 

variants falling into two divergent subclades. Although I found no variants unique to the 

Intermountain West, the two dominant variants were relatively rare elsewhere, especially 

among modern samples. An AMOVA consistently identified the Intermountain West 

population as distinct, ruling out the possibility of large-scale dispersal from the Rocky 



 

4 

Mountains. Together, my findings are most consistent with the long-term persistence of 

red foxes in the Intermountain West derived from a relictual population in this region or a 

small founder group from the Rocky Mountains. Human-mediated translocations from 

local sources may have also played a role, though I was unable to distinguish this 

process from natural, small-scale range expansion. Additional sampling and high-density 

nuclear genomic markers are needed to further clarify the origins and status of these red 

foxes. 

 

Introduction 

Geography, climate change, and human presence have influenced the distribution of 

numerous species in North America, particularly west of the Great Plains (see reviews 

by Weider and Hobæk 2000; Arbogast and Kenagy 2001; Brunsfeld et al. 2001). 

Regions such as the Alexander Archipelago, the Olympic Peninsula, and the Rocky 

Mountains have been found to contain ancient, isolated populations with distinct 

evolutionary histories (Soltis et al. 1997; Cook et al. 2001). Such populations are often 

cryptic, i.e., difficult to distinguish phenotypically, but are nonetheless of conservation 

interest due to their genetic distinctiveness. The discovery of unique populations has, for 

example, influenced forest management policies (Cook et al. 2006) and improved our 

understanding of how future climate change will affect species distributions (Galbreath et 

al. 2009).  

Red foxes (Vulpes vulpes) have the largest geographic range of all terrestrial 

carnivores (Lariviére and Pasitschniak-Arts 1996). Fossil evidence indicates that the 

species originated in Eurasia 0.5–1 million years ago (ya) (Kurtén 1968) and colonized 

North America via the Bering land bridge sometime prior to the Sangamon interglacial 

(>125,000 ya; Péwé and Hopkins 1967), a timeline supported by genetic data (Aubry et 

al. 2009; Kutschera et al. 2013). Mitochondrial analysis further indicates the arrival of a 

subsequent Eurasian matriline during the Wisconsin glaciation (100,000–10,000 ya; 

Aubry et al. 2009). Following the Last Glacial Maximum (LGM, 20,000 ya; Clark et al. 

2009), lineages south of the ice sheets diverged into two genetically distinct groups 

(Appendix A). Although the Nearctic clade as a whole exhibited incomplete lineage 

sorting, the monophyletic Eastern subclade corresponded to red foxes in eastern North 

America that presumably followed receding glaciers northeastward into Canada, and the 

monophyletic Mountain subclade corresponded to red foxes in western North America 
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that presumably tracked boreal-montane habitats elevationally into mountain ranges 

(Aubry et al. 2009; but see also Sacks et al. 2010 for an exceptional population). By pre-

Columbian times (1,000 ya) migration and vicariant events gave rise to several 

populations of red foxes in western North America that were closely associated with 

subalpine forest and parkland habitats in the Rocky Mountains, Cascade Range, and 

Sierra Nevada (Fig. 1). 

These “montane red foxes” are ecologically and genetically unique (Aubry 1983; 

Perrine 2005; Aubry et al. 2009; Kutschera et al. 2013), making them a target for current 

and future conservation efforts. In California, for example, the precipitous decline of 

Sierra Nevada red foxes (V. v. necator) prompted state agencies to designate the 

subspecies as a protected furbearer in 1974 (Gould 1978). This was followed by a 

formal petition in 2011 (currently in review) for listing under the United States’ 

Endangered Species Act (Sacramento Fish and Wildlife Office 2011). Similarly, the 

decline of red foxes in the Washington Cascades (V. v. cascadensis) has led to their 

listing as a state candidate species and a Natural Heritage Critically Imperiled Species 

(Washington Department of Fish and Wildlife 2008). The disappearance of montane red 

foxes from parts of the Rocky Mountains (V. v. macroura) could warrant similar concern 

(Aubry 1984). However, conservation decisions are hindered by the presence of 

nonnative red foxes in other parts of the western North America. While montane red 

foxes appear to have undergone range reductions over the past century (Zielinski et al. 

2005), nonnative populations have thrived and expanded their range in many low-

elevation areas. Red foxes now inhabit areas such as southern California (Jurek 1992; 

California Department of Fish and Game 1999; Perrine et al. 2007; Sacks et al. 2011) 

and the San Juan Islands of Washington (Aubry 1984) due to intentional releases and 

fur farm escapes (Statham et al. 2012). The westward expansion of red foxes across the 

Great Plains (reviewed by Kamler and Ballard 2002) could also threaten the genetic 

integrity of montane populations. Nonnative red foxes might be removed or managed to 

curb their negative impact on endemic species (Jurek 1992; California Department of 

Fish and Game 1999), but native populations such as the recently-identified Sacramento 

Valley red fox (V. v. patwin) might conversely merit protection as endemics themselves 

(Sacks et al. 2010). Discriminating between cryptic native and nonnative populations is 

therefore vital. 
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Red foxes of uncertain origin occur west of the Rocky Mountains and east of the 

Cascade Range and Sierra Nevada, (hereafter, the “Intermountain West”) an 

ecologically diverse region that includes the highlands of eastern Oregon, the Great 

Basin of Nevada and Utah, and the Snake River Plain of southern Idaho (Fig. 1). Some 

of these areas fall well outside the currently-defined boundaries of native populations 

(Hall and Kelson 1959; Aubry 1983). Historically, montane red foxes are known to have 

ranged from mountainous areas of Washington (Taylor and Shaw 1927), Idaho (Merriam 

and Stejnrger 1891), and Montana (Bailey and Bailey 1918) as far south as the Piute 

Mountains of California (Grinnell et al. 1937) and the Mogollon Mountains of New Mexico 

(Bailey 1931), but their occurrence in the Great Basin has long been disputed (Merriam 

1900; Barnes 1922; Hall 1946; Fichter and Williams 1967). Several authors have noted 

that the establishment of fur farms in the early 1900s coincided with the appearance of 

red foxes in valleys and coastal areas (Fichter and Williams 1967; Aubry 1984; Verts 

and Carraway 1998). These observations led Kamler and Ballard (2002) and others to 

conclude that that all low-elevation red foxes in western North America were of 

nonnative origin. Hall (1946), however, found no evidence to doubt that the earliest red 

fox records from Nevada represented native occurrences. He further suggested that 

these animals belonged to the same population as the Sierra Nevada red fox—a 

hypothesis reflected in some early range maps for the subspecies (Hall and Kelson 

1959). The ecological requirements of montane red foxes are poorly known (Aubry 1983; 

Benson et al. 2005; Perrine 2005), but their historical distribution in the Intermountain 

West could have been similar to that of yellow-bellied marmots (Marmota flaviventris), 

which persist on high-elevation “sky islands” of suitable habitat (Floyd et al. 2005). 

Because historical records and morphological data remain inconclusive, the true origin of 

these foxes must be determined through genetic methods.  

Sacks et al. (2010) detected native mitochondrial haplotypes in red foxes from 

the Intermountain West and used microsatellites to confirm their predominantly native 

ancestry relative to historical and modern populations in western North America. 

However, sample size was too small to resolve population structure further. Resolution 

of a 696-bp mitochondrial marker was also too low to determine whether these 

haplotypes represented geographically distinct matrilines or potentially originated from 

nearby mountain systems (e.g., via recent range expansion). In particular, the 

Intermountain West population was dominated by a single native haplotype (“A-19”) that 
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was basal to, and more numerous and widespread than, other haplotypes in the 

Mountain subclade (Appendix A; Sacks et al. 2010). Consequently, evidence was 

equivocal as to whether this haplotype arose from a recently introduced matriline or one 

that traced back to the initial expansion of the lineage at the end of the LGM (Statham et 

al. 2012). Expanded sequencing of the A-19 haplotype throughout its distribution in 

western North America could reveal locally restricted mutations that arose since the 

LGM, thereby enabling clearer inferences about the origins of red foxes in the 

Intermountain West. 

In the present study I sequenced ~4,000 bp of the mitochondrial genome in a 

sample of modern red foxes carrying the A-19 haplotype to find additional substitutions 

(i.e., single nucleotide polymorphisms, SNPs), and then screened historical specimens 

for these SNPs to better resolve the maternal genetic structure of red foxes in western 

North America. I used this information to evaluate two hypotheses for the origins of red 

foxes in the Intermountain West. Range Expansion (1) of animals from Sierra Nevada or 

Rocky Mountain populations would be supported if red foxes in the Intermountain West 

exhibited haplotypes originating from one of both of these subspecies. Endemism (2) 

would be indicated if red foxes carried distinct haplotypes with mutations distinct but 

derived from those found in the nearby mountain populations, similar to evidence used 

to support endemism of the Sacramento Valley red fox (Sacks et al. 2010). I conducted 

spatial analyses to assess the distinctiveness of the Intermountain West population 

relative to surrounding mountain subspecies based on high-resolution variants of the 

otherwise widespread A-19 haplotype. 

For comparison, I also conducted expanded sequencing of an endemic 

Sacramento Valley haplotype (“D-19”) and the primary haplotype of the Washington 

Cascades subspecies (“O-24”). Secondary objectives included (1) increasing resolution 

of the endemic Sacramento Valley red fox haplotype to better assess its phylogenetic 

relationship to other montane red fox populations, and (2) investigating the origin of A-19 

haplotypes in a putative nonnative population in coastal Oregon. 

 

Methods 

Samples 

The red fox specimens examined here (n = 126) were collected throughout western 

North America between 1891 and 2012. In addition to haplotype A-19, I selected 
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specimens that had previously sorted into two other common haplogroups in the 

Mountain subclade. Specifically, I sequenced representatives of the endemic D-19 

haplotype from the Sacramento Valley red fox population and the O-24 haplotype from 

the Washington Cascades and Northern Rockies (both presumably native populations), 

along with O-24 samples from a putative nonnative population localized near Salt Lake 

City, Utah (Appendix A; GenBank accession numbers EF064207, EF064209, EF064219, 

FJ830784, and FJ830785; Perrine et al. 2007; Aubry et al. 2009). This sample 

distribution covered the established historical range of western red foxes (Hall and 

Kelson 1959; Kamler and Ballard 2002; Aubry et al. 2009) as well as areas where red 

foxes were known or suspected to be nonnative (Statham et al. 2012). I also included 

outgroup specimens from Kansas, Alaska, and Eurasia representing the Nearctic 

Eastern subclade and Holarctic clade (Appendix A; GenBank accession numbers 

EF064211, EF064212 and GQ374180; Perrine et al. 2007; Aubry et al. 2009).  

I defined two time periods based on the observed temporal distribution of 

samples (Appendix B). Red foxes collected prior to 1940 (hereafter, “historical”), 

including those from the Sacramento Valley, were considered to represent populations 

that existed prior to the advent of fur farming in North America. These populations 

characterized the pre-Columbian distribution of western haplotypes and would have 

been the most likely sources of translocated animals. Historical samples consisted of 

maxilloturbinate bone extracts from specimens at the Museum of Vertebrate Zoology at 

the University of California, Berkeley (MVZ; n = 18), the National Museum of Natural 

History in Washington, D.C. (USNM; n = 36), and the Burke Museum at the University of 

Washington, Seattle (UW; n = 6) (Aubry et al. 2009). Specimens collected after 1940 

(hereafter, “modern”) were considered to originate from natural, extended, or introduced 

populations. Modern samples consisted of maxilloturbinate bone extracts and skin snips 

from the Burke Museum (UW; n = 5), the Oregon Game Commission Collection at 

Oregon State University, Corvallis (OSU; n = 4), and the Slater Museum of Natural 

History at the University of Puget Sound, Tacoma (UPS; n = 3), along with frozen tissue 

from the University of California, Davis (UCD, n = 53). 

I divided historical and modern samples into geographic regions (hereafter, 

“populations”) based on collection locality, elevation, and the presence of major 

geographic barriers such as intermountain basins (Fig. 1; Appendix B). Populations of 

natural origin were defined as Northern Rockies (NR: Utah, Wyoming, Montana, Idaho), 

http://www.ncbi.nlm.nih.gov/nuccore/EF064207.1
http://www.ncbi.nlm.nih.gov/nuccore/EF064209.1
http://www.ncbi.nlm.nih.gov/nuccore/EF064219.1
http://www.ncbi.nlm.nih.gov/nuccore/FJ830784.1
http://www.ncbi.nlm.nih.gov/nuccore/FJ830785.1
http://www.ncbi.nlm.nih.gov/nuccore/EF064211.1
http://www.ncbi.nlm.nih.gov/nuccore/EF064212.1
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Southern Rockies (SR: New Mexico, Colorado), Northern Cascades (NC: Washington), 

Southern Cascades (SC: Oregon, California), Sierra Nevada (SN: California), and the 

Sacramento Valley (SV: California). Based on previously-observed patterns of 

differentiation among mountain red foxes (Sacks et al. 2010), I followed Gordon’s (1966) 

hypothesis that the Columbia River Gorge may be a significant barrier to gene flow for 

animals in the Washington and Oregon Cascades. Similarly, I considered the Wyoming 

Basin to be a potential barrier for red fox populations in the Rocky Mountains (Péwé 

1983). Populations of undetermined origin were defined as Intermountain West (IW: 

Nevada, Idaho, Oregon) and Coastal Oregon (CO). In Idaho and Oregon, where the 

geographic cutoffs between natural and disputed populations were less clear, I assigned 

samples based on elevation and the documented historical presence of red foxes.  

 

Laboratory procedures 

I conducted DNA extraction, polymerase chain reaction (PCR) amplification, and 

sequencing at the University of California, Davis. Some PCR amplification of modern 

samples also took place at Simon Fraser University under similar reaction conditions 

(see below). Project collaborators BN Sacks and MJ Statham extracted modern DNA 

from tissue samples using DNeasy® tissue kits (Qiagen) and from scats using the 

QiaAmp® stool kits (Qiagen). DNA extraction of historical samples from maxilloturbinate 

bones and skin snips followed the phenol-chloroform protocol described in Wisely et al. 

(2004).  

PCR and sequencing efforts targeted the red fox mitochondrial genome. 

Because historical specimens typically yield only degraded DNA in low concentrations, 

in these samples I focused on amplifying short (100–200 bp) fragments surrounding 

polymorphic sites, rather than complete loci. To identify polymorphic sites of interest, I 

first examined a larger section of the mitochondrial genome in modern samples. 

I amplified complete sequences (hereafter, “full-locus” sequences) of cytochrome 

b (1,338 bp), the control region (1,432 bp), and cytochrome c oxidase subunit I (1,793 

bp) in modern samples using primer sets developed by Quentin Voyce at the University 

of California, Davis. For historical samples, I targeted two fragments (hereafter, 

“targeted” sequences) of cytochrome b (totaling 399 bp) and four fragments of the 

control region (totaling 601 bp) using primer sets developed with the Primer3 online tool 

(Rozen and Skaletsky 1998). New primers were tested on a selection of modern 
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samples before attempting to amplify DNA in historical samples. Appendix C lists the 

primer sequences used in this study. 

To minimize the chance of contamination with modern red fox samples, PCR 

preparation of historical samples took place under clean-room conditions in a separate 

facility dedicated to the extraction of ancient DNA (see Aubry et al. 2009). I used a total 

reaction volume of 23 μL consisting of 2 μL DNA extract, 1x PCR buffer, 2.5 mM MgCl2, 

0.2 mM dNTPs, 0.1 μg/μL bovine serum albumin (BSA), 0.5 mM of each primer, and 1 

U/μL Taq polymerase. PCR conditions were set at 94° C for 3 min (initialization), 

followed by 35 cycles of 94° C for 30 sec, 50° C for 30 sec and 72° C for 45 sec, 

followed by 72° C for 10 min (final extension). I ran PCR products on 2% agarose gels to 

confirm that each sample that amplified successfully. 

I sequenced PCR products in both directions. For full-locus sequencing of 

cytochrome b, the control region, and cytochrome c oxidase subunit I, I used internal 

primers to obtain overlapping sequence reads (Appendix C). Modern samples prepared 

at Simon Fraser University were sequenced off-site through Molecular Cloning 

Laboratories (MCLAB). For all other samples, I conducted dye-terminator sequencing 

reactions using Applied Biosystems reagents and ran the products on an ABI 3730 

capillary sequencer (Applied Biosystems).  

I aligned sequences visually against a published reference of the red fox 

mitochondrial genome (Zhong et al. 2010) using MEGA v5 (Tamura et al. 2011). 

Samples that yielded poor sequences were re-amplified and re-sequenced when 

possible. Polymorphisms with an ambiguous signal were treated conservatively as N’s in 

the final sequence data. For the analyses below (unless otherwise indicated), I used a 

full-locus dataset to increase statistical power and inferred missing sequence data for 

historical (targeted) samples by matching them to full-locus haplotypes. Because my 

targeted primer sets were designed to recover all haplotypes observed in modern (full-

locus) samples, this procedure gave me conservative estimates of genetic diversity and 

differentiation in historical red fox populations (i.e., the complete range of mutations seen 

in modern samples was also assayed in historical samples, but some diversity unique to 

the historical samples could have gone undetected). 

 

Data analyses 
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I constructed median-joining networks (Bandelt et al. 1999) under default parameters in 

Network v4.612 (Fluxus Technology) to describe the relationships among full-locus 

haplotypes. Polymorphisms on all mitochondrial regions were analyzed together and 

historical and modern samples were pooled. I also constructed a maximum likelihood 

(ML) tree of full-locus haplotypes in MEGA v5 (Tamura et al. 2011) using an HKY model 

of DNA substitution (Hasegawa et al. 1995), and calculated bootstrap support for the 

nodes based on 1,000 replicates.  

To assess the extent to which my expanded sequences provided greater 

phylogenetic resolution in a geographic context, I investigated genetic differentiation 

among populations based on A-19 variants. First, I performed an analysis of molecular 

variance (AMOVA; Excoffier et al. 1992) in Arlequin v3.5 (Excoffier and Lischer 2010). I 

then generated matrices of pairwise genetic distance estimates based on haplotype 

frequencies (FST; Weir and Cockerham 1984) and on nucleotide differences between 

haplotypes (ΦST; Excoffier et al. 1992). Evaluation of statistical significance (α = 0.05) for 

FST and ΦST values was based on 1,000 permutations; I used the sequential Bonferroni 

method to correct for multiple tests (Rice 1989).  

I also examined the geographic structure of populations using SAMOVA v1.0 

(Dupanloup et al. 2002), which is computationally similar to AMOVA but incorporates 

spatial orientation of samples explicitly. To investigate how populations were 

hierarchically structured, I tested a series of models where the assumed number of 

population groupings (K) ranged from 2 to 6. In general, populations that partition into 

separate groups at low increments of K will be more distinct from each other than those 

that partition only in higher-order models. Samples nearest the center of each 

geographic region (as described above) were used to define latitude and longitude for 

each population. I centered the Intermountain West population at the Independence 

Mountains (Elko County, Nevada), which is approximately equidistant from the marginal 

red fox records reported by Bailey (1936), Hall (1946), and Fichter and Williams (1967). 

All analyses were conducted with the same input files at 100 initial conditions. I followed 

recommendations in Dupanloup et al. (2002) to identify the K model that best described 

the dataset.  

To assess population differentiation graphically, I created phylogenetic networks 

in SplitsTree v4.11 (Huson and Bryant 2006) using the pairwise genetic distance 

matrices generated in Arlequin. Unlike a phylogenetic tree, which attempts to fit the 
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underlying data to a single evolutionary scenario, a phylogenetic network is capable of 

representing many alternative scenarios in a single diagram (Bryant and Moulton 2004). 

In situations where genetic distance data are not tree-like, as is often the case when 

neighboring populations exchange migrants (Posada and Crandall 2001), a network can 

provide a more informative representation of relationships among populations. 

 

Results 

I obtained full-locus sequences (4,002–4,004 bp) from 42 higher-quality modern red fox 

specimens, from which I identified 7 distinct haplotypes (Fig. 2a). Five of these 

haplotypes (w1-w3, w6 and w7) corresponded to the widespread A-19 haplogroup while 

haplotypes w4 and w5 corresponded to D-19 and O-24, respectively. A-19 variants 

differed from each other by as many as 9 base changes and contained 17 variable sites 

(14 transitions, 1 transversion, and 2 indels).  

I then obtained targeted sequences (755–757 bp) containing 10 variable sites, 

which were sufficient to discern all 7 haplotypes above, from an additional 42 historical 

red fox specimens and 13 lower-quality modern specimens. From these samples I 

identified one additional haplotype (w8) within the A-19 haplogroup (Fig. 2a). Voucher 

sequences were deposited in GenBank. 

I observed a heterogeneous distribution of native haplotypes on the landscape 

(Fig. 3; Appendix D). Notably, the two most common and widespread haplotypes in the 

Intermountain West (w6 and w7) were not found in any modern samples from mountain 

populations and occurred infrequently in historical samples (Appendix B). Outside the 

Intermountain West, I detected haplotype w6 in a single historical sample from the 

Southern Rockies. Haplotype w7 occurred historically at similar latitudes on both sides of 

the Great Basin (Southern Cascades and Northern Rockies), whereas the closely-

related haplotype w8 was found only in the Southern Cascades. I did not detect w8 in 

any modern (full-locus) samples, and my analyses using inferred sequence data treated 

this haplotype conservatively as w7 (Fig. 2b).  

Although haplotypes w6 and w7 were moderately divergent from each other, they 

nonetheless formed a well-supported subclade on the ML tree separate from all other 

haplotypes (Fig. 2b). I also found strong support for a subclade containing the 

Sacramento Valley haplotype w4 and the widespread haplotype w3, which occurred in 

Coastal Oregon and several mountain populations (Fig. 3).  
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The AMOVA based on A-19 variants revealed significant differentiation for the 

Intermountain West and Lowland Oregon (P << 0.001; Fig. 4a). These populations 

occurred at the tips of distinct, long branches on the phylogenetic networks, reflecting 

relatively high levels of genetic distinctiveness (Fig. 4b). In contrast, most mountain 

populations were poorly differentiated from each other and tended to occupy nodes in 

more central positions. 

The SAMOVA based on A-19 variants also supported the distinctiveness of the 

Intermountain West population. ΦCT values were similar for all models tested and 

significant at K = 3 and K = 5 (Table 1). At all increments of K, the Intermountain West 

partitioned into an exclusive group. The most conservative model justified by the data 

was K = 3 (P = 0.009), which additionally assigned Coastal Oregon and the Northern 

Rockies together to a third group. The model with the highest overall support was K = 5 

(P = 0.008), above which group structure began to dissolve and ΦCT began to decline 

(Appendix E; Dupanloup et al. 2002). This model identified the Intermountain West, 

Coastal Oregon, and Northern Rockies to be separate from each other and from all other 

populations.  

 

Discussion 

Sequencing a greatly expanded portion of the mitochondrial genome (cf. Aubry et al. 

2009; Statham et al. 2012) has helped clarify the origins and population genetic structure 

of red foxes in western North America, particularly in the Intermountain West. I 

uncovered a pattern suggestive of natural origins and historical isolation for red foxes in 

this region. The two widely-distributed haplotypes in the Intermountain West (w6 and w7) 

formed a well-supported subclade within my selection of Mountain subclade red foxes 

(Fig. 2b). Further, these haplotypes were historically rare in montane red foxes and 

absent from modern populations in the Cascades, Rocky Mountains, and Sierra Nevada 

(Fig. 3a). These results are consistent with the key prediction of the Endemism 

hypothesis (see Introduction), namely, that one should expect a prevalence of distinct 

haplotypes derived from nearby mountain populations.  

I found little support for Hall and Kelson’s (1959) hypothesis that red foxes in 

southern Nevada belong to the Sierra Nevada subspecies V. v. necator (Fig. 1). 

Structure analyses based on A-19 variants consistently identified the Intermountain West 
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as a distinct group and significantly differentiated from all other western regions (Fig. 4; 

Table 1).  

The results above suggest two plausible origin scenarios. First, red foxes in the 

Intermountain West may have persisted locally on “sky islands” of suitable habitat until 

recent times. Historically, the distribution of red foxes in western North America (Hall and 

Kelson 1959; Kamler and Ballard 2002) appears to have been similar to that of golden-

mantled ground squirrels (Callospermophilus lateralis; Bartels and Thompson 1993), 

yellow-pine chipmunks (Neotamias amoenus; Sutton 1992), and other species 

associated with montane forests. At the height of the Wisconsin glaciation, when the 

treeline was up to 1,000 m lower than it is today, conditions favorable to red foxes would 

have been more broadly distributed in the Intermountain West (Thompson and Mead 

1982). Increased habitat connectivity would have facilitated gene flow among 

populations in the Rocky Mountains, Cascades, and Sierra Nevada, allowing red foxes 

to colonize intervening mountain ranges in the Great Basin. Following the LGM, 

however, xeric shrublands gradually replaced forests at low elevation, and forest-

associated fauna would have experienced range fragmentations and local extinctions 

(Grayson 1987). American martens (Martes americana), for example, are not known to 

occur in the Great Basin today, but fossil evidence indicates they had a widespread 

presence during the Pleistocene (Heaton 1985; Mead and Mead 1989). At least one 

forest-associated carnivore species (the short-tailed weasel, Mustela erminea) does still 

persist in this region (Brown 1971), and some habitat islands may have been large 

enough to support low numbers of red foxes. Reports collected by Bailey (1936) and Hall 

(1946) hint at the existence of one or more source populations in southern Nevada 

and/or southeastern Oregon—a scenario supported by my observations. 

Second, red foxes may have recently colonized the Intermountain West via 

downslope colonization from the northern Rocky Mountains or southern Cascades. I 

note that several of my Intermountain West specimens came from mid-elevation areas 

near these mountain systems (Fig. 3b), raising the possibility that further sampling would 

reveal the presence of w6 and w7 haplotypes in modern mountain populations. 

Downslope colonization followed by range expansion is consistent with the appearance 

of red foxes in valleys in Idaho and Montana beginning in the 1960s (Fichter and 

Williams 1967; Hoffmann et al. 1969). However, the prevalence of two haplotypes in the 

Intermountain West that are rare in modern mountain populations suggests that any 
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such expansion would likely have stemmed from a small number of colonizing 

individuals rather than from a wholesale population expansion followed by continuous 

connectivity. Indeed, expansion from a small and rare colonization event seems more 

plausible than expansion of the mountain population as a whole in light of findings 

elsewhere in western North America. For example, Swanson et al. (2005) found high-

elevation red foxes in the Yellowstone region to be distinct from neighboring valley 

populations on the basis of microsatellite data. The high level of genetic differentiation 

observed between Sierra Nevada and Sacramento Valley red foxes, even in historical 

times, also supports the hypothesis that downslope dispersal is rare (Sacks et al. 2010). 

Additional surveys of the Rocky Mountains and the Oregon Cascades would help further 

determine the likelihood of dispersal from these regions into the Intermountain West.  

Several factors potentially allowed red foxes in the Intermountain West to expand 

their range in recent times. Coyotes (Canis latrans) are known to restrict the abundance 

of red foxes where the two species co-occur (Voigt and Earle 1983; Sargeant et al. 

1987), particularly in areas where apex predators have been removed (Ritchie and 

Johnson 2009). Competitive exclusion could have therefore prevented red foxes from 

inhabiting lowland areas until the mid-1900s, when the reduction of coyote populations 

by farmers allowed red foxes to gain a foothold (Kamler and Ballard 2002). Habitat 

conversion is also likely to have played a role. East of the Rocky Mountains, this process 

has long been hypothesized to explain the southward and westward expansion of red 

foxes that began in the early 1800s (Audubon and Bachman 1846; Newberry 1857; 

Hoffmann et al. 1969; Kamler and Ballard 2002; Statham et al. 2012). In western North 

America, the transformation of dense forests and xeric valleys into irrigated cropland 

may have created new migration corridors and edge habitats for native red foxes to 

utilize.  

Although my findings lend credibility to a natural origin for red foxes in the 

Intermountain West, the impacts of fur farm activity and local translocations should not 

be underestimated. Despite the overwhelming presence of native microsatellites and 

mitochondrial haplotypes in this region, a few indisputably non-native haplotypes were 

detected in previous studies (Sacks et al. 2010; Statham et al. 2012). Moreover, the w5 

(O-24) haplotype observed here in the Salt Lake Valley is known to co-occur with red 

foxes carrying the Holarctic “G-38” haplotype (Appendix A; BN Sacks unpublished data). 

Both O-24 and G-38 have been associated with fur farms (Statham et al. 2012; BN 
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Sacks unpublished data), which were historically abundant on the margins of the Great 

Salt Lake (Westwood 1989). Thus, it is possible that interbreeding between native 

mountain and nonnative fur farm-derived red foxes could have facilitated expansion 

across the Intermountain West. 

Based on available records, an alternative hypothesis is that indigenous red 

foxes spread northward from the mountains of southern Nevada (Hall 1946; Hall and 

Kelson 1959). Further sampling from this region using additional markers (e.g., 

microsatellites) is needed to clarify the origins and native-nonnative ancestry of 

contemporary red foxes in the Intermountain West.  

My results for Lowland Oregon were more equivocal. The only haplotype 

detected in this population, w3, was relatively common historically in both the Southern 

Cascades and Northern Rockies (Fig. 3b). Definitive conclusions are hampered by the 

genetic homogeneity of Lowland Oregon red foxes and the limited number of samples 

available from the Oregon Cascades. Historically, Cooper and Suckley (1859) reported 

red foxes to be abundant in the vicinity of The Dalles (Fig. 1), and Newberry (1857) 

reported them from the Klamath Lakes and Deschutes Basin. Bailey’s (1936) distribution 

map included parts of the Oregon Coast Range to the west of the Willamette Valley, 

based on specimens collected there in the form of skins traded by Native Americans in 

1897 and 1930. Thus, additional markers will be necessary to resolve the origins of this 

population. 

The close and robust grouping of Sacramento Valley haplotype w4 with mountain 

haplotype w3 observed on the median-joining network and ML tree may indicate that this 

low-elevation population is of more recent origin than the Intermountain West subclade 

(Fig 2b).  

Although mitochondrial DNA is relatively easy to recover from degraded samples, 

making it a natural first choice in population genetic surveys, I note that using a single 

haploid locus has two important shortcomings. First, because mitochondria are 

maternally inherited, I cannot rule out the possibility of introgression from nonnative red 

foxes. Second, the observation of divergent haplotypes does not necessarily imply deep 

population divergence, as these polymorphisms may have been present long before the 

splitting event. Multiple loci are often needed to distinguish ancestral polymorphism from 

modern gene flow and accurately measure the extent of population differentiation (Marko 
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and Hart 2011). Until the data collected in this study can be compared to those of 

nuclear markers, I recommend cautious interpretation of my results. 

 

Conservation Implications 

Red foxes in the Intermountain West appear to represent a unique, native population, 

although it remains unclear whether this population originated from a Pleistocene relict 

endemic to the Great Basin or from a more recent colonization event from the Southern 

Cascades or Rocky Mountains. The contribution of nonnative ancestry to this population 

also remains to be characterized. Given the observation of apparently stable contact 

zones between native and nonnative populations elsewhere in western North America 

(Sacks et al. 2011), fine-scale sampling is needed to clarify population structure within 

the Intermountain West. 
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Figures and Tables 

Figure 1. Selected historical records of red foxes (Vulpes vulpes) in western North 

America showing where the species may have occurred prior to the establishment of fur 

farms. Darkened areas denote the approximate pre-Columbian range of native red foxes 

(Hall and Kelson 1959; Aubry 1983). Large diamonds correspond to the type locality for 

each subspecies in the Mountain subclade: V. v. cascadensis of the Washington 

Cascades, V. v. necator of the Oregon Cascades and Sierra Nevada, V. v. macroura of 

the Rocky Mountains, and V. v. patwin of the Sacramento Valley (in green). Nonnative 

populations occur in the Puget Sound region of Washington (A) (Statham et al. 2012) 

and in southern California (C) (Lewis et al. 1999). Red foxes of uncertain origin (in 

yellow) occur in lowland areas of western Oregon (B) and the Intermountain West (D), 

and are of interest in the present study. Readers should note that the records presented 

here do not strictly correspond to samples used in my analyses. 

 

Sources: 1 = Armstrong (1972), 2 = Bailey (1931), 3 = Bailey (1936), 4 = Bailey and 

Bailey (1918), 5 = Baird (1852), 6 = Barnes (1922), 7 = Grinnell and Storer (1924), 8 = 

Grinnell et al. (1930), 9 = Grinnell et al. (1937), 10 = Hall (1946), 11 = Merriam (1900), 

12 = Merriam and Stejnrger (1891), 13 = Norris (1881), 14 = Sacks et al. (2010), 15 = 

Taylor and Shaw (1927). 
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Figure 2. (A) Variable sites across 4,004 bp of cytochrome b, the control region, and 

cytochrome c oxidase subunit I for selected red fox haplotypes in western North 

America. Previous haplotype assignments come from Perrine et al. (2007) and Aubry et 

al. (2009). Loci are separated by dotted lines. Variable sites recovered from historical 

samples (targeted sequences) are highlighted. (B) Maximum-likelihood tree of full-locus 

haplotypes with outgroup specimens representing other major subclades in North 

America (see also Appendix A). Bootstrap values are shown beside each node. 
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Figure 3. (A) Distribution of western red fox haplotypes identified in the present study. 

Polygons denote the approximate range of each red fox population of interest. Sample 

localities are colored according to the median-joining network in (B). Dark and light 

circles denote historical and modern samples, respectively (see also Appendices 2, 4). 

Enlarged circles denote locations sampled more than once. (B) Median-joining network 

of full-locus haplotypes. Circle size is proportional to the number of samples 

represented. The position of haplotype w8 is based on its close relationship to w7 in the 

targeted dataset.  
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Figure 4. (A) Pairwise FST (below diagonal) and ΦST (above diagonal) estimates for 7 

red fox populations in western North America based on A-19 variants. Bold entries are 

significant at α = 0.05 after using a sequential Bonferroni correction for multiple tests 

(Rice 1989). (B) Phylogenetic networks of pairwise population genetic distances. Top: 

FST. Bottom: ΦST.  

 

a NR = Northern Rockies, SR = Southern Rockies, NC = North Cascades, SC = South 

Cascades, SN = Sierra Nevada, IW = Intermountain West, CO = Coastal Oregon 
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Table 1. Best population groupings found by SAMOVA under each K model. Letters 

indicate separate groups. 
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Chapter 3.  
 
Prioritizing populations for conservation using 
phylogenetic networks 

 

Publication Note  

The material in this chapter was previously published in PLoS ONE: 

Volkmann L, Martyn I, Spillner A, Mooers AØ (2014). Prioritizing populations for 
conservation using phylogenetic networks. PLoS ONE, 9 (2): e88945. 

 

Abstract 

In the face of inevitable future losses to biodiversity, ranking species by conservation 

priority seems more than prudent. Setting conservation priorities within species (i.e., at 

the population level) may be critical as species ranges become fragmented and 

connectivity declines. However, existing approaches to prioritization (e.g., scoring 

organisms by their expected genetic contribution) are based on phylogenetic trees, 

which may be poor representations of differentiation below the species level. In this 

chapter I extend evolutionary isolation indices used in conservation planning from 

phylogenetic trees to phylogenetic networks. Such networks better represent population 

differentiation, and my extension allows populations to be ranked in order of their 

expected contribution to the set. I illustrate the approach using data from two imperiled 

species: the spotted owl Strix occidentalis in North America and the mountain pygmy-

possum Burramys parvus in Australia. Using previously published mitochondrial and 

microsatellite data, respectively, I construct phylogenetic networks and score each 

population by its relative genetic distinctiveness. In both cases, my phylogenetic 

networks capture the geographic structure of each species: geographically peripheral 

populations harbor less-redundant genetic information, increasing their conservation 

rankings. I note that my approach can be used with all conservation-relevant distances 

(e.g., those based on whole-genome, ecological, or adaptive variation) and suggest it be 
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added to the assortment of tools available to wildlife managers for allocating effort 

among threatened populations. 

 

Introduction 

Extinctions due to human impacts are now unavoidable: even optimistic scenarios 

predict significant changes in biodiversity by the year 2100 (Sala et al. 2000; Jenkins 

2003), with most extinction starting with the loss of isolated populations (Hughes et al. 

1997; Ceballos and Ehrlich 2002). 

One prime conservation goal is to preserve genetic variation (Vane-Wright et al. 

1991; Faith 1992): as a representation of past evolution and raw material for future 

evolution (Bowen and Roman 2005) and, potentially, as a surrogate for improved 

ecosystem function (Redding and Mooers 2010). However, not all genetic lineages are 

equally important, with more isolated lineages warranting additional interest because of 

their expected contribution to total variation (May 1990; Vane-Wright et al. 1991; 

Redding and Mooers 2010). Indices of evolutionary isolation have been developed to 

rank species on a phylogenetic tree based on unique and shared evolutionary history 

(e.g., (Pavoine et al. 2005; Redding and Mooers 2006; Isaac et al. 2007; Haake et al. 

2008). These metrics use rooted phylogenetic trees with edge lengths as input (Fig. 5), 

and rank tips with less shared history as requiring more urgent conservation attention. 

For example, the Zoological Society of London has made this approach operational in 

their “Edge of Existence” programme (www.edgeofexistence.org). In the United States, 

taxonomic distinctiveness is one of several explicit criteria for prioritizing conservation 

attention (Fay and Thomas 1983). The extension to populations within species would 

seem to be straightforward.  

Below the species level, Ryder (1986) advocated the use of evolutionarily 

significant units (ESUs) to identify populations with genetic variation in need of long-term 

conservation; this was expanded by Moritz (1994) and Waples (1991) to the concepts of 

management units (MUs) and distinct population segments (DPSs), respectively, for 

species that had undergone more recent range fragmentation. More recently, Green 

(2005) defined designatable units (DUs) for conservation assessment using a broad 

range of survey methods. All these population-based approaches have enjoyed wide 

usage in population genetic studies (e.g., Firestone et al. 1999; Roman et al. 1999; 

Gorbics and Bodkin 2001; Haig et al. 2001), and are the basis for identifying populations 
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worthy of protection in law (e.g., Green 2005; Holtby and Ciruna 2007). Importantly, 

ESUs assume that the relationships among populations can be represented by a 

bifurcating tree. However, bifurcating trees often fail to capture the relationships among 

populations (Fitch 1997). DPSs and MUs can deal with populations that have more 

complex interrelationships (Fig. 5), but neither of these designations are designed to 

prioritize among populations. This would seem a major shortcoming if populations do 

need to be prioritized for conservation attention.  

Previous authors have shown that the logic of measuring and maximizing 

phylogenetic diversity (Faith 1992), which forms the basis for tree-based prioritization 

schemes, can be generalized to phylogenetic networks (Weitzman 1992; Minh et al. 

2009a, b). Here I show that the prioritization approaches for trees can also be adapted 

for populations within species by extending evolutionary isolation indices from trees to 

networks. I present efficient algorithms to compute these indices for NeighborNet 

networks (Bryant and Moulton 2004; Martyn et al. 2012), and illustrate their use with 

heuristic data from two imperiled species, the spotted owl (Strix occidentalis Xantus de 

Vesey 1860) and the mountain pygmy-possum (Burramys parvus Broom 1896). The 

new approach to assessing population differentiation might be of immediate practical 

use to those tasked with managing discrete populations of a threatened species, and 

may allow for new policy associated with conservation triage (Bottrill et al. 2008). 

 

Methods 

I present my approach for prioritizing populations in three steps. First, I briefly review the 

various approaches for measuring diversity and evolutionary isolation on bifurcating 

trees of taxa. I then review the properties of NeighborNet networks as a representation 

of pairwise evolutionary distances and describe how to prioritize taxa by their expected 

contribution to biodiversity. In Appendix F, I outline efficient algorithms for estimating 

evolutionary isolation on NeighborNet networks. Finally, I illustrate the new method of 

population prioritization using two small published datasets. 

 

(i) Diversity measures on trees and networks. — The concept of evolutionary isolation 

can be understood in terms of a species’ biological distinctiveness, which one might 

measure by comparing its adaptive or non-adaptive traits to those of related species. 

More generally, the goal is to measure a taxon’s contribution to the current and/or future 
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“diversity” in a set of taxa. Several different approaches for quantifying such diversity 

have been proposed. One of the earliest, described by Weitzman (1992), is expected 

diversity. Rather than score taxa individually, this approach seeks to identify the set of 

taxa that will retain the most diversity on a future tree, given some measure of diversity 

and a probability of persistence for each potential combination of taxa. Although 

Weitzman’s original diversity metric was rather general, he did consider an example of 

biological character-state differences that could be represented on a phylogenetic tree. 

On such a tree, every taxon contributes an amount of unique evolutionary 

information denoted by the length of the branch (or edge) linking it to all other taxa (Fig. 

5) (Faith 1992; Weitzman 1992). This length may be calibrated in units of time (e.g., 

millions of years) or in raw or inferred genetic distances. Looking specifically at biological 

systems, Witting and Loeschcke (1995) and Faith and Walker (1996) combined 

Weitzman’s (1992) expected diversity framework with Faith’s (1992) concept of 

phylogenetic diversity (PD), the latter which specifically calculates the sum of all branch 

lengths on a tree (see next section). Like Weitzman (1992), this expected PD approach 

can be used to identify a set of taxa that maximizes the amount of total tree length 

retained, given a set of extinction probabilities for the tips. 

The related k of n problem (Faith 1992) seeks to identify the most diverse subset 

of k taxa (i.e., the one that maximizes PD) on a tree of size n . Faith (1996) and 

Weitzman (1998) explored the special case where 1k , which Faith (2008) refers to as 

the PD complementarity of a given taxon.  

An independently-derived approach based on Game Theory (Haake et al. 2008, 

first published 2005) explicitly considers the individual contribution of each taxon to 

future diversity. Like Weitzman’s (1992) expected diversity framework, all possible 

subsets of taxa on a tree may persist. By calculating the amount of unique information 

each taxon contributes to future subsets (i.e., the average length of the edge linking the 

taxon to all possible future trees), one can rank taxa in order of their relative impact on 

future diversity. This Shapley metric (SH) is almost identical to the ad-hoc evolutionary 

distinctness (ED) metric used by the Zoological Society of London in their Edge of 

Existence programme (www.edgeofexistence.org). The major difference between the 

two is that the ED metric is explicitly measured on a rooted tree, as opposed to the more 

general undirected graph that SH takes as input (Hartmann 2013). 
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The Shapley metric was further refined by Steel et al. (2007) and named HED 

(for heightened evolutionary distinctiveness). HED is the expected contribution of a given 

taxon to future subsets of taxa where the subsets are weighted by their probability of 

persistence. In this case, the focal taxon is assumed to persist (i.e., its probability of 

extinction does not affect its HED score). On trees, HED is formally equivalent to a form 

of PD complementarity where the contribution of a taxon is measured with respect to all 

possible subsets, each weighted by their probability of persistence (Faith 2008). 

Weitzman (1998) also arrived at this formulation ten years earlier, which he termed the 

“distinctiveness” of a taxon, in the context of his “Noah’s Ark Problem” of biodiversity 

preservation. Using Faith’s (2008) terminology, HED, which combines the concepts of 

expected PD with PD complementarity, might be considered expected PD 

complementarity.  

As a final antecedent, Minh et al. (2007, 2009a, b) extended PD to phylogenetic 

networks and presented algorithms for solving the k of n problem to maximize diversity 

for a given subset size. They referred to this metric as split diversity (SD). 

In this context it should be possible to measure the PD contribution of individual 

taxa on a phylogenetic network. Critically for my purposes, the two metrics I use here 

(SH and HED) do not require a rooted phylogenetic tree, and so can be adapted to 

networks in the same way that PD indices can (Minh et al. 2007, 2009a, b; Martyn et al. 

2012). SH and HED are formally defined in Appendix F and discussed further below. In 

short, if one does not have probabilities of extinction for taxa, they assume all future 

subsets of taxa are equally likely, and calculate SH. If one can estimate (even broadly) 

the probabilities of persistence of all taxa, they can weight future subsets by their 

probability, and use HED.  

 

(ii) Interpreting phylogenetic networks, Shapley values, and HED. — NeighborNet 

(Bryant and Moulton 2004) is a method that permits the representation of pairwise 

distances between taxa in the form of a network. An important property of NeighborNet 

networks is that they permit the representation of relationships among the underlying 

taxa that cannot be depicted on any phylogenetic tree. For example, to the extent that 

populations exchange migrants, the between-population genetic distance data (FST) may 

yield many alternative trees, none of which accurately reflect the actual relationships 

among these populations (e.g., Poczai et al. 2011). The NeighborNet framework, by 



 

30 

contrast, accommodates for such phylogenetic uncertainty and will always yield a single 

network with positive edge lengths, permitting calculation of SH and HED. If a pairwise 

distance matrix is tree-like (i.e., yields only one possible phylogeny) the resulting 

NeighborNet output will resemble a phylogenetic tree. Where there is no tree-like history, 

a network representation should be more informative. Indeed, for many distance 

matrices (including Example A below, results not shown), the assumptions necessary to 

produce a tree are not met, and a neighbor-joining tree, for example, produces negative 

edge lengths. Here, a network representation would definitely be preferred (Bryant and 

Moulton 2004).  

An example of a very simple matrix of pairwise distances and the resulting 

network is depicted in Figure 5. Each edge or set of parallel edges in the network 

corresponds to a partition of the underlying set of taxa into two non-overlapping subsets, 

called a split ( S ). The edge length reflects the weight of the split ( )(S )—in other 

words, a component of the pairwise distance (FST, for example) separating any two taxa. 

Thus, just as a phylogenetic tree represents a collection of weighted splits ( ) 

(Buneman 1971), where each branch of the tree denotes a split, a NeighborNet network 

represents a weighted collection of splits of the underlying set of taxa. As Figure 5 

illustrates, the distance between two tips on a network (i.e., the shortest path between 

two taxa) represents the observed distance in the distance matrix.  

Whether represented on a tree or a network, every split system contains 

information on the overall diversity of its constituent taxa (Vane-Wright et al. 1991; 

Weitzman 1992). The common metric used for conservation planning, phylogenetic 

diversity (PD) (Faith 1992), can be calculated for split systems as 
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where Y  is a subset of taxa on the tree or network and )|( BA  is the weight of the split 

between two non-overlapping groups A  and B  of taxa. Note that the overall PD for 

both trees (Faith 1992; Steel 2005) and networks (Minh et al. 2007, 2009a, b) is simply 

the sum of all split weights (Fig. 5).  

A very simple approach for measuring an individual taxon’s PD contribution, 

illustrated in Figure 5, is to consider the change in PD when this taxon is removed from 

the tree or network (Faith 1994). This PD complementarity (PD_c) metric can be 

expressed as 
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where X  is the set of all taxa in the tree or network and X  is the subset where a given 

taxon x  has been removed from the underlying distance matrix.  

One can also extend the metrics SH and HED from trees to NeighborNet 

networks using similar ideas for extending PD calculations from trees (e.g., Faith 1992, 

Witting and Loeschcke 1995; Martyn et al. 2012) to networks (e.g., Huson and Bryant 

2006; Minh et al. 2007, 2009a, b). On a tree, the Shapley value ( sh

x ) for taxon x  can be 

defined as the mean split weight of the set of splits defining Xx | , where X  represents 

all unique possible subsets of the taxon set X  that do not contain x . Importantly, Haake 

et al. (2008) present a formal proof that the Shapley value for x  can also be calculated 

as a weighted sum of all the edge lengths on a tree, with the weights determined by the 

sizes of the sets containing x . This can be presented compactly using split notation as 
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where ),(   is the set of splits defined by the network and their weights, || X  is the 

total number of taxa, |)(| xS  is the size of a split set containing the taxon x , |)(| xS  is 

the size of the complementary set that does not contain x , and )(S  (following the 

notation from Minh et al. (2009a, b) is the split weight, equal to the edge length 

separating )(xS  from )(xS . To calculate the Shapley value for taxon 1x  in the network 

in Figure 1, I take the first split 6,5,4,3,1|2 xxxxxx  to be composed of 5|)1(| xS  and 

1|)1(| xS  and 373.0)( S , the second split 6,5,4,2,1|3 xxxxxx  to be composed of 

5|)1(| xS  and 1|)1(| xS  and 111.0)( S  and so on. With a taxon set containing six 

elements, 6|| X  and the Shapley value for taxon 1x  is 0.870 (Fig. 5). 

As with a phylogenetic tree, the sum of Shapley values will always equal the sum 

of all parallel split weights in the network. Because the shape of a network reflects the 

relative distances among its taxa, one should expect outlying taxa (i.e., those connected 

to the rest of the network by long edges, like taxon 4x ) to show higher values for sh

x . 

Thus, the Shapley values calculated for a network can reflect the relative degree of 
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isolation of each taxon based on molecular, morphological, or any other evolutionarily-

relevant distance measure. 

Though conceptually similar, the calculation of HED ( hed

x ) is somewhat more 

complex, as it accounts for differences in the probability of extinction )(yp  for each 

taxon:  

  
  


S xsSy xSy

hed

x Sypyp
}){)(( )(

)())(1())((),(   

Here, the first product operator considers )(yp  for every taxon in )(xS  but excludes 

)(yp  for taxon x  itself (Steel et al. 2007; Martyn et al. 2012). The second product 

operator considers )(yp  for every taxon in )(xS . Unlike SH, the sum of HED scores will 

not equal the sum of split weights in the split system. I also note, based on the properties 

of the equation above, that )(S  will influence HED more strongly than )(yp  for highly 

divergent taxa. Thus, the ranking order for outlying populations should be similar for SH 

and HED, regardless of which populations have a higher extinction probability.  

A more detailed mathematical treatment of the SH and HED metrics and efficient 

algorithms for their computation are given in Appendix F. For the datasets in this 

chapter, I used the implementation of NeighborNet in the SplitsTree software package 

(Huson and Bryant 2006) to compute networks. For a given matrix of pairwise distances, 

this yields the network together with the corresponding collection of weighted splits. I 

used custom R scripts (Appendix G; R-Development Core Team 2009) to compute SH 

and HED on the outputs from SplitsTree. 

 

(iii) Application. – I present SH and HED ranking for two datasets based on putatively 

neutral genetic markers. In the first example (A), the size of each population (and hence 

the probability of extinction for each population) is not known. In the second example 

(B), population sizes are known, allowing me to estimate separate probabilities of 

extinction for each population.  

I selected my two examples based on the following criteria: (1) The species as a 

whole is of conservation interest (i.e., vulnerable, endangered, or critically endangered), 

(2) its distribution is fragmented (i.e., one can define multiple populations), (3) sampling 

efforts have covered its entire range, and (4) genetic analyses have been published or 

the raw sequence data made publicly available.  
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Readers should note that the primary goals of this article are to introduce and 

illustrate my network ranking approach, not to advocate new management decisions for 

the taxa described below.  

 

Example A. Spotted owls (Strix occidentalis) are distributed throughout late-succession 

conifer forests in western North America (Gutiérrez et al. 1995). Four subspecies are 

currently recognized (Fig. 6a): S. o. caurina from southern British Columbia to northwest 

California, S. o. occidentalis in California and Nevada, S. o. lucida in Utah, Colorado, 

Arizona, New Mexico, and northern Mexico, and S. o. juanaphillipsae in central Mexico 

(Dickerman 1997; Barrowclough et al. 1999). Populations in the United States continue 

to decline due largely to poor timber harvesting practices, but also as a result of climate 

change and the westward expansion of barred owls (S. varia Barton 1799) (US Fish and 

Wildlife Service 2011). S. o. caurina (the northern spotted owl) and S. o. lucida (the 

Mexican spotted owl) are threatened subspecies under the United States’ Endangered 

Species Act, and S. o. occidentalis (the California spotted owl) is a subspecies of special 

concern in the state of California (Gould 1985). Spotted owls in the American Southwest 

“sky islands” (mostly S. o. lucida) are particularly fragmented and perhaps most suitable 

for population-level conservation (Barrowclough et al. 2006). Although genetic data for 

the Mexican subspecies remain poor, I can construct a reasonably complete 

representative phylogenetic network for subspecies in the United States. 

Spotted owl mitochondrial sequences were obtained from Genbank (accession 

numbers AY833608–AY833644, AY836774–AY836776, DQ230843–DQ230888) and 

aligned in Mega v. 5 (Tamura et al. 2011) using the MUSCLE method (Edgar 2004). 

These sequences comprise about 1105 bp of the control (D-loop) region and represent 

86 haplotypes from 32 populations in the United States and Mexico (Fig. 6b; Table 2) 

(Barrowclough et al. 2005, 2006). I ran a standard analysis of molecular variance 

(AMOVA) (Excoffier et al. 1992) on all 298 aligned sequences in Arlequin v. 3.5 

(Excoffier et al. 2005) using the Kimura 2-Parameter model (Kimura 1980) to compute 

distances among haplotypes (ΦST). This procedure generated a pairwise differentiation 

matrix for the 32 populations (Table S1). A NeighborNet based on this matrix (Fig. 6b) 

(Bryant and Moulton 2004) was then constructed in SplitsTree v. 4.11 (Huson and 

Bryant 2006) under default assumptions. Negative ΦST values were treated as being 

equal to zero. Because the size of each population is not known, for the purposes of 
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illustration, I gave each population an extinction probability 5.0ip  when calculating 

HED—an approach similar to the “PD50” metric used by FISHBASE (www.fishbase.org; 

Faith et al. 2004). 

 

Example B. Mountain pygmy-possums (Burramys parvus) are alpine specialists 

restricted to three small regions of the Australian Alps (Fig. 7a). The species depends on 

block streams and block fields found above 1,400 meters—habitats less than 10 km2 in 

total extent (Heinze et al. 2004). The areas where mountain pygmy-possums still occur 

are particularly sensitive to destruction and fragmentation. Surveys conducted in the 

1990s estimated the adult population size to be 2,600 (Mansergh and Broome 1994). A 

decade later this number had decreased to below 2,000 (Heinze et al. 2004), with signs 

of continued decline (Mitrovski et al. 2007). At present, the IUCN lists mountain pygmy-

possums as critically endangered (Menkhorst et al. 2008). 

Because of its restricted distribution and high extinction risk, the species has 

been subject to extensive population genetic research (Osborne et al. 2000; Mitrovski et 

al. 2005, 2007, 2008). Unlike my example with spotted owls, direct estimates of 

population sizes are available, within-population sample sizes are uniformly large, and 

genetic data are available across the mountain pygmy-possums’ entire range. This 

provides us with an opportunity to compare SH to HED and assess the effect of variable 

population sizes on conservation ranking.  

I used a published matrix of genetic differentiation (FST) based on data from 8 

microsatellite loci (Mitrovski et al. 2007) to construct a phylogenetic network for 13 

mountain pygmy-possum populations (Fig. 7b). My methods for generating NeighborNet 

outputs, and for computing SH and HED, were the same as above.  

I modeled the probabilities of extinction for individual populations ( ip ) of a given 

size ( in ) as a negative exponential  

icn

i ep


  

where the constant of proportionality c  is NP /)ln( , with P  being the probability that 

the entire species goes extinct and N  being the total census size of the species (the 

sum of in ). I used a conservative 100-year extinction probability for the entire species, 

4.0P , to derive HED (see Mooers et al. 2008). 
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Results 

Example A. As expected for a set of lineages with a recent history of gene flow, the 

network for spotted owls is quite non tree-like (Fig. 6b). However, populations with the 

greatest degrees of genetic differentiation, relative to all other populations, occupy nodes 

subtending the longest edges. Populations at relatively isolated nodes, such as those 

from Mount San Jacinto and the Huachuca Mountains, share few mutations with 

neighboring populations and subsequently exhibit higher pairwise ΦST values (Table 2; 

Appendix H). Conversely, the (uncorrected) pairwise ΦST values for closely-related 

populations are either negative (as great as -1) or close to zero, indicating higher levels 

of genetic differentiation within these populations than among them (Excoffier et al. 

1992). 

I observe strong geographic structure across the United States consistent with 

current subspecific designations (Fig. 6b). Populations of S. o. lucida exhibit a more star-

like phylogenetic network that may reflect historical isolation in the “sky islands” of the 

American Southwest (Barrowclough et al. 2006). The intermediate position of the Lassen 

National Forest population, in contrast, may be due to its location near the point of 

contact between southern S. o. caurina and northern S. o. occidentalis (Barrowclough et 

al. 2005).  

The results of my SH and HED ranking are shown in Table 2. As expected, 

populations at relatively isolated nodes score higher than those closer to the interior of 

the network (Fig. 6b, c). The rankings are highly consistent between the two metrics 

(Spearman rank correlation = 0.91), and the same populations receive top ranking for 

both SH and HED.  

 

Example B. As with spotted owls, the most genetically differentiated populations of 

mountain pygmy-possums, namely those in the northern and southern areas of their 

range, occupy nodes that are separated from most other populations by long edges (Fig. 

7b). Overall the structure of my network is in good agreement with the species’ present 

distribution (Fig. 7a). Given the habitat requirements and limited dispersal ability of 

mountain pygmy-possums, it is not likely that Mount Buller and Kosciusko National Park 

still exchange migrants with the Bogong High Plains (Mitrovski et al. 2007). In contrast, 
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the close grouping of central populations in my phylogenetic network, and subsequently 

their low SH and HED, is consistent with a shared history and/or recent gene flow.  

The ranking results are shown in Table 3. Again, the phylogenetic network for 

mountain pygmy-possums reflects geographic distribution. Although I did not make a 

priori group assignments based on sampling location, the 13 populations still partition 

into northern, central, and southern regions. Again, outlying populations on the network 

tend to receive higher SH and HED scores. Unsurprisingly, the small and isolated Mount 

Buller population consistently ranks highest. For HED, no bias towards small or large 

populations is apparent; populations with high extinction probabilities do not necessarily 

receive high scores (Steel et al. 2007). Again, although ranking order changes slightly 

between SH and HED, the two methods provide roughly equivalent rankings (Spearman 

rank correlation = 0.97, Fig. 7c). High-ranking populations are similar in both cases.  

I note that SH and HED calculations on a network consider a taxon’s distance 

from all other taxa. Thus, although the three northern populations are closely related to 

each other, they still receive high SH and HED scores because of the long branches 

separating them from the central and southern populations (Table 3; Fig. 7c). 

 

Discussion 

The premise of conservation below the species level is not novel. Faith’s original (1992) 

discussion of prioritizing taxa also considered populations on a tree. Several 

economically-important taxa have received population-level management since the late 

1980s, e.g., Atlantic salmon (Salmo salar Linnaeus 1758; Fontaine et al. 1997), brown 

trout (Salmo trutta Linnaeus 1758; Ferguson 1989) and yellowfin tuna (Thunnus 

albacares Bonnaterre 1788; Ward 1995). Managing species at the population level 

implies at least an informal ranking scheme, one which would rely, for example, on 

estimates of habitat patch size or effective population size (Lande and Barrowclough 

1987). Habitat degradation, climate change, and the demands of a growing human 

population have ensured the continued fragmentation of species’ ranges over the next 

century (see, e.g., pikas (Ochotona princeps Richardson 1828; Galbreath et al. 2009). In 

the midst of such rapid change, managing an imperiled species over its entire range may 

no longer be feasible, such that population rankings may be necessary. 

Phylogenetic diversity measures have previously been adapted for non-treelike 

population genetic data (e.g., Minh et al. 2007, 2009a, b). However, the PD 
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complementarity scores that can be obtained from these methods are contingent, i.e., 

subject to change if extinction alters the shape of the network. The ranking scheme 

described here is the first to consider a taxon’s contribution to all possible future 

networks (sensu Weitzman 1992), a potentially relevant framework for preserving future 

biodiversity. Given the stochastic nature of extinction, the general ranking systems 

offered by SH and HED may be more useful to wildlife managers than those that only 

consider the present structure of a phylogenetic network. Unlike previous approaches 

based on PD (e.g., Minh et al. 2007, 2009a, b), SH and HED rankings allow one to 

lengthen or shorten the list of taxa to conserve in the event that resources become more 

or less available.  

Molecular techniques are now inexpensive and robust enough to make 

population genetic sampling a standard component of conservation planning, and I 

argue that a phylogenetic network approach offers insight into a species’ population 

structure complementary to the current statistical assessments of differentiation 

employed by MUs and DPSs (Waples 1991; Moritz 1994). I encourage researchers to 

employ such networks in future population genetic studies to provide conservation 

agencies with more informative analysis of datasets. Genotyping at multiple loci will 

provide more accurate estimates of population differentiation and allow for more 

sophisticated analyses of conservation-relevant processes such as recent demographic 

history and gene flow (Marko and Hart 2011). 

I acknowledge that the mathematical shortcomings of ΦST and FST estimators 

(Jost 2008) may influence the magnitude and ranking of SH and HED scores, depending 

on the number of loci measured and the distribution of genetic diversity in a set of taxa. 

My intention here is not to solve these theoretical problems but to demonstrate my 

network-based prioritization method with existing data. Newly-developed metrics such as 

Jost’s D can be used to calculate SH and HED just as readily as traditional ΦST and FST 

distances, and I encourage the use of such unbiased estimators whenever such data are 

available. Indeed, any conservation metric of difference (e.g., ecological, genomic, 

adaptability) can be used. 

Several properties of the networks described here invite further investigation. In 

both my heuristic datasets, geographically peripheral populations are more genetically 

isolated, meaning they would rank highly on SH and HED. However, this was based on 

only very few putatively neutral markers. Two related questions concern how processes 
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such as demographic history and current patterns of gene flow map onto genetic 

isolation as I measure it here, and also how phylogenetic networks map onto networks 

produced from ecological data (e.g., niche use differences among populations).  

I do not advocate relying solely on genetic isolation when deciding where and 

how resources should be allocated at the population level. Total population genetic 

diversity (i.e., number of haplotypes) might also be considered. I note that in my 

examples, low-ranking populations tend to be geographically close to one another, 

meaning that their haplotypes are often shared. Important differences in ecology and 

adaptability (Bonin et al. 2007) and current and future connectivity (Geffen et al. 2007), 

must also be considered. However, my network approach and ranking system based on 

genetic differentiation can supplement existing systems of MUs and DPSs to improve 

the conservation of evolutionarily distinct populations in a world of increasing pressures 

and limited resources. 

  



 

39 

Figures and Tables 

Figure 5. Using pairwise distances to rank species or populations. Consider a 

hypothetical group of taxa (A)—a set of closely-related species or populations of a single 

species—that is distributed across several islands in an archipelago (B). Differences 

among the taxa, labeled x1 through x6, can be organized into a pairwise distance matrix 

(C). One can represent this matrix either as a phylogenetic tree or as a phylogenetic 

network (D), where a set of weighted splits describes the relationships among the taxa 

(E). Altogether, these splits represent the group’s phylogenetic diversity (PD). By 

selecting subsets of splits that exclude a given taxon, one can calculate each taxon’s 

contribution to the total PD of the tree or network (F). The Shapley metric (SH) and 

expected PD complementarity (PD_c) are different approaches for ranking taxa based 

on split data. Note that the highest-scoring taxa (highlighted values) can differ 

considerably depending on the type of metric used and whether the splits come from a 

tree or network. I discuss the reasons for these differences and methods for ranking taxa 

in Section (ii) of the main text. 
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Figure 6. Conservation prioritization of spotted owl (Strix occidentalis) populations. (a) 

Distribution of spotted owls in the United States and the populations sampled by 

Barrowclough et al. (2005, 2006). Shaded areas denote suitable habitat based on forest 

cover data (US Geological Service 2013). Colors denote the subspecies S. o. caurina 

(blue), S. o. occidentalis (green), and S. o. lucida (orange). Populations 31 and 32 

represent the S. o. juanaphillipsae subspecies in Mexico (range not shown). (b) 

NeighborNet of sampled populations based on mtDNA differentiation (pairwise ΦST 

values). (c) Histogram of SH values, highlighting the populations with the highest scores. 

See Table 2 for an explanation of abbreviations used. 
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Figure 7. Conservation prioritization of mountain pygmy-possum (Burramys parvus) 

populations. (a) Distribution of mountain pygmy-possums in Australia (gray inset), 

showing populations sampled by Mitrovski et al. (2007). Shaded areas denote suitable 

habitat above 1,400 m. (b) NeighborNet of sampled populations based on microsatellite 

differentiation (pairwise FST values). (c) Histograms of SH and HED values, highlighting 

the populations with the highest scores. See Table 3 for an explanation of abbreviations 

used. 
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Table 2. Spotted owl populations sampled by Barrowclough et al. (2005, 2006) and 

ranked by Shapley value (SH) and heightened evolutionary distinctiveness (HED). 

Number of individuals (n ind.), number of haplotypes (n hap.), SH, and HED scores from 

the present study are reported. 
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Table 3. Mountain pygmy-possum populations sampled by Mitrovski et al. (2007) and 

ranked by Shapley value (SH) and heightened evolutionary distinctiveness (HED). 

Number of individuals (n ind.), number of alleles (n all.), allelic richness (r), and adult 

population sizes (N) are reported from previously-published data. Probabilities of 

extinction (pi, with P = 0.4), SH, and HED scores from the present study are also shown. 
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Chapter 4.  
 
Conclusions 

 

New analytical methods and the falling cost of genetic testing should help make 

population-level conservation an effective means of managing individual threatened 

species. However, several important challenges remain. Most obvious is the need for 

more systematic surveys to identify key populations. In many cases, (e.g., in studies by 

Kyle and Strobeck 2001, 2002; Cegelski et al. 2006), population genetic data come from 

inconsistent sampling schemes or cover only a portion of the target species’ range, 

leaving managers with an incomplete understanding of conservation needs. Now that 

methods exist to prioritize populations for conservation, future work should seek to 

characterize variation across a species’ entire range rather than only in peripheral areas. 

Regional comparative studies might also aid population-level conservation efforts. The 

identification of common phylogeographic patterns in western North America, for 

example, would help focus conservation resources to protect key populations of multiple 

species (Soltis 1997; Brunsfeld 2001).  
Perhaps the most important outstanding challenges to population-level 

conservation involve how to measure variation within a species and translate those data 

into conservation policy. First is the problem of what to sample. To date, the 

overwhelming majority of population genetic studies have focused on putatively neutral 

genetic markers such as mitochondrial loci and microsatellites, which are relatively easy 

to obtain and analyze. Although these markers can, for example, inform us about gene 

flow among populations and help us understand how species have responded to past 

climate change, neutral variation tells us very little about the evolutionary potential of 

populations we wish to conserve (Holderegger et al. 2006). This is problematic if we 

wish to preserve biodiversity in terms of adaptive variation, a typical goal of conservation 

at the species level and above (Bowen and Roman 2005).  
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Second is the problem of how to sample. Unlike species, populations do not 

necessarily exhibit discreet geographic ranges or phenotypic differences, making it more 

difficult to define meaningful conservation units and assess the success of new policy. 

Protected areas do not always coincide with areas of high within-species diversity. In 

addition, some key populations may be impossible to save due to climate change or 

other factors. How, then, should we designate conservation units within a species? What 

spatial scales are most appropriate when conducting population-level surveys?  

Solving these problems is beyond the scope of the present studies, but we can 

consider two frameworks for conducting future surveys and determining conservation 

units below the species level. A range-based approach would define populations based 

on features of the species’ geographic distribution. Sampling would focus on habitat 

patches of sustainable size, regardless of their current level of protection. Such an 

approach may be suitable for species with highly fragmented ranges and/or strict 

ecological requirements. The American pika (Ochotona princeps), for example, occupies 

numerous “sky islands” of alpine habitat, and dispersal between mountain systems is 

limited (Hafner and Sullivan 1995). Ecological niche modeling under climate-change 

scenarios (see, e.g., Galbreath et al. 2009) would help refine sampling schemes and 

conservation priorities once phylogenetic data are collected. 

Alternatively, a refuge-based approach would involve defining populations based 

on preexisting management areas. Sampling would focus on protected habitat patches 

as representative of the species’ future geographic range. Such an approach may be 

suitable for species with more continuous ranges and/or generalized ecological 

requirements. The range of the Cascade golden-mantled ground squirrel (Spermophilus 

saturatus), for example, broadly coincides with national forests and national parks in 

Washington State (Trombulak 1988). Refuge-based prioritization of this species would 

allow managers to efficiently distribute conservation resources without the need to 

designate new protected areas. 

Regardless of the approach taken, researchers should also be mindful to select 

sampling schemes and loci that measure adaptive variation (e.g., Henry and Russello 

2013) and that complement (at least to some degree) the datasets of previous 

population-level studies for their target species (e.g., Mitrovski et al. 2008). The former 

will provide policymakers with more accurate picture of the species’ conservation needs, 

and the latter will help track changes in population-level diversity over time. 
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In summary, the present studies have sought to advance two important aspects 

of conservation below the species level: (1) identification of key populations and (2) 

prioritization of these populations in a way that best preserves biodiversity. My genetic 

analyses of red foxes in the Intermountain West (Chapter 2) help fill an important gap in 

our understanding of how native and nonnative populations of this species are 

distributed on the landscape. The phylogenetic network-based methods illustrated in 

Chapter 3 should be immediately applicable to any species for which population genetic 

data are available. Future work, aimed at characterizing variation across a species’ 

entire range, should be designed to help us collectively carry as much biodiversity as 

possible into the 22nd century and beyond.  
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Appendix A.  
 
Median-joining network of North American red fox 
haplotypes reported in previous studies 

Median-joining network of North American red fox haplotypes reported in previous 
studies (Perrine et al. 2007; Aubry et al. 2009; Sacks et al. 2010), representing 354 bp of 
the cytochrome b gene and 342 bp of the D-loop region of the mitochondrial genome. 
Sequences were obtained from GenBank (accession numbers EF064207–EF064220, 
FJ830756–FJ830829, FJ840491, GU004541, GQ911200–GQ911203, GU224186–
GU224187) and aligned visually using MEGA v5 (Tamura et al. 2011). I constructed the 
median-joining network in Network v4.611 (Fluxus Technology), treating polymorphisms 
in cytochrome b as twice the weight of those in the D-loop. The haplotypes of interest in 
the present study are indicated in yellow. 
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Appendix B.  
 
List of red fox specimens 

List of red fox specimens used in this study (Chapter 2). 
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Appendix C. 
 
PCR and sequencing primers 

PCR and sequencing primers used in this study. Primers used for complete sequence 
reads are listed first. Note (*) that only nonrepetitive sections of the control region (CR-I, 
345 bp; CR-II, 711 bp) were included in my analyses. 
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Appendix D. 
 
Frequency of selected native western haplotypes 

Frequency of selected native western haplotypes among 8 red fox populations sampled 
in this study. 
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Appendix E. 
 
Spatial analysis of molecular variance 

Spatial analysis of molecular variance (SAMOVA) under 5 different K models, showing 
trends in ΦSC, ΦST, and ΦCT. 
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Appendix F. 
 
Mathematical treatment of SH and HED and associated 
algorithms 

Publication Note 

The material in this appendix was previously published in PLoS ONE (see Chapter 3 for 
full citation). 
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Appendix G. 
 
Annotated R code for calculating SH and HED 

Publication Note 

The material in this appendix was previously published in PLoS ONE (see Chapter 3 for 
full citation). 
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Appendix H. 
 
Pairwise genetic distances for spotted owl populations 

Pairwise genetic distances (ΦST) for spotted owl (Strix occidentalis) populations based 
on data from Barrowclough et al. (2005, 2006), with negative values revised to zero. 

 

Publication Note 

The material in this appendix was previously published in PLoS ONE (see Chapter 3 for 
full citation). 
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